The advancement of nanotechnology relies on the understanding of electrical connection to individual molecules. Electrostatic surface potential measurements of self-assembled monolayers can provide insight into the structural and electronic properties of molecules attached to surfaces. In this paper we report on the electrostatic potential of poly(phenylene) thiol molecules bound to gold surfaces. Kelvin force microscopy is used to probe selfassembled monolayers of a series of phenyl, biphenyl, and triphenyl thiol molecules. The dipole moments of the isolated molecules have been determined and show similar electronic trends. A difference in polarity between the isolated molecules and the electrostatic surface potential of a monolayer attached to gold reflects the electron transfer on to the bound molecule.
Introduction
Nanotechnology is developing rapidly as an emerging field. Molecules capable of switching have been demonstrated [1] [2] [3] . The resistances of single molecules have been calculated [4] and measured [5, 6] . Selfassembled monolayers (SAMs) [7] have significant potential in the goal to controllably manipulate structures at the nanometer scale. While SAMs are developed on the simple affinity of gold for sulfur, in general, little is understood about the effect on the electronic structure of the molecule attached to the surface and likewise how the SAM modifies the surface electronic properties.
In this paper we describe the use of Kelvin force microscopy (KFM) [8] to investigate the electrostatic effect of molecular attachment to gold. The surface potential measurements can provide insight into the structural and electronic properties of the monolayer. The potential is intimately related to the bonding and orientation as well as the chemical composition of the molecule. These measurements have been done on alkane thiol structures [9, 10] where the electrostatic potential varies with the number of CH 2 groups in the alkane chain. The molecules used in this paper vary by the number of phenyl rings. This allows a comparative investigation into the effect of the molecule's size and electronic structure on the electrostatic interaction with a gold surface. This data provides information about the charge transfer, which occurs when the molecule is chemically bound to the surface. The change in electrical characteristics of the gold surface due to the attachment of molecules has been likened to changing the work function [11] of the metal. KFM is a modified atomic force microscope (AFM), which has enabled surface potentials to be measured with unprecedented spatial resolution [12] . A conducting tip of radius 20 nm is held within 100 nm of a sample of interest. The electrostatic force acting on the tip is measured by placing a combination of a DC bias and a small ac dither, ω 0 , on the AFM tip which was much less than the resonant frequency, ω r , of the cantilever used to maintain the tip sample distance. The modified potential difference between the sample and tip has a frequency component at ω 1 which is detected using phase sensitive detection. By varying the dc bias voltage applied to the tip, the sample's electrostatic potential is the potential that minimizes the magnitude of ω 1 . Large area samples are desired in this technique as interference from the conducting cantilever is expected. In this experiment SAMs of a unique series of poly(phenyl) thiols (phenylthiol, biphenylthiol, and triphenylthiol) were investigated to determine their relative electrostatic potentials.
Sample preparation
Three molecules of interest, varying in the number of phenyl rings were used in this research, see Fig. 1 . The phenylthiol (P1) was obtained commercially through Sigma-Aldrich. The biphenylthiol (P2) and triphenylthiol (P3) were prepared using modifications of established procedures [13] [14] [15] , described briefly below. Self-assembled monolayers (SAMs) of each molecule were prepared on clean gold (111) substrates also described below.
Synthesis of 4-biphenyl thiol
4-Bromobiphenyl (2.5 g; 0.0108 mol) was dissolved in 25 mL DMF in a 100 mL flask, equipped with a stirrer. To this, was added NaSC 2 H 5 (5.5 g; 0.0647 mol), and the reaction mixture was refluxed under N 2 , with stirring, for 3 days, during which time, the solution turned into a dark brown color. DMF was removed under vacuum, and 150 mL of 0.1N HCl was added to the residue. A white solid precipitated out of the solution. It was extracted with 3 × 5 mL ether and then the ether layer was washed with water. It was dried over anhydrous Na 2 SO 4 and the solvent removed. Hexane was added to a precipitate of 1.0 g of an off-white solid. It was filtered and dried [13] . 1 H nmr (CDCl 3 ): 3.482 ppm (s, 1H), 7.3-7.6 ppm (m, 9H); GC/MS:186 (M+).
Synthesis of p-triphenyl thiol
p-terphenyl (7.1 g; 0.0309 mol), iodine (4.1 g; 0.0161 mol), and NaIO 4 (1.83 g; 0.0309 mol) were placed in a 100 mL flask, equipped with a stirrer. To this, was added, 3 mL conc. H 2 SO 4 , 20 mL water, and 63 mL glacial acetic acid. The mixture was stirred and heated in an oil bath at 100 • C for 24 h. A reflux condenser was placed to prevent evaporation of the solvent. During this time, the reaction turned from a deep purple to a colorless solution, with a white product being formed. The reaction mixture was cooled to room temperature and filtered. The white solid was washed with 500 mL of 10% Na 2 S 2 O 3 . The crude product was then stirred for 15 min in 250 mL refluxing toluene and filtered while hot. The insoluble product that remained in the filter paper was further washed with 2 × 250 mL boiling toluene. The toluene extracts (total volume of 750 mL) were combined and reduced to 250 mL and then cooled to room temperature. A white solid precipitated out. It was filtered and washed with 50 mL toluene and dried in air. This is the desired product, i.e. p-iodoterphenyl (6.0 g) GC/MS: 356 (M + ).
p-triphenyl thiol was synthesized from p-iodotriphenyl and sodium ethanethiolate, in an analogous method to that of 4-biphenyl thiol [14] . 1 H nmr (CDCl 3 ): 3.49 ppm (s, 1H) 7.33-7.66 ppm (m, 13H); GC/MS: 262 (M + ).
SAM preparation
Sample substrates of 50 nm chromium and 200 nm gold prepared on borosilicate glass were obtained from Metallhandel Schroer GMBH. Each substrate was flame annealed to an orange glow for 60 s using a propane torch. This method has shown to produce 1-3 µm Au(111) grains with an RMS roughness of 2-3 nm [16] . Each substrate was rinsed in ethanol, soaked in the same for 5 min, rinsed again, soaked again and finally rinsed again with ethanol. The substrates were then allowed to dry in vacuum for 2 h. The surface potential of each substrate was checked using the method to be described in the experimental section. This was done to insure each substrate was within a small deviation from a control substrate which was used throughout the experiment.
The substrates were then transferred into a nitrogen glove box and all processing was performed in this atmosphere. The substrates and all glassware to be used were rinsed with dry, deoxygenated (or anhydrous, degassed) dichloromethane (solvent used for all processing) and dried with N 2 . 50 ml of 10 mM solutions of each molecule were prepared. A small amount of this stock solution was transferred into the specified vial and then diluted with solvent to obtain a 1 mM solution. One substrate was placed in each vial of solution and covered. The SAMs were allowed to develop for 12 h. Following this, each sample was rinsed with solvent, allowed to soak in the same for 5 min, rinsed again, soaked again and finally rinsed again. The SAMs were blown dry with N 2 . The samples were then placed in vacuum and covered for 2 h to dry any remaining solvent. The samples remained in vacuum during transport to the characterization and measurement labs.
Chemical characterization
Each SAM was examined by RAIRS and ellipsometry to determine the molecular orientation and the thickness of the SAMs.
RAIRS spectroscopy on SAMs
The RAIRS spectra of SAMs of the series of phenyl thiols were obtained using a Mattson Research Series RS1 infrared spectrometer equipped with a narrow-band liquid nitrogen cooled MCT detector, and a SEAGULL TM RAIRS accessory from Harrick Scientific. The p-polarized light was incident at 86 • . The RAIRS bands for all SAMs were assigned using Varsanyi's system of substituted benzene normal modes, 1-20a,b [17] . 
Ellipsometry on SAMs
The thickness of the monolayers was measured using an Ellipsometer (Gaertner Scientific, Model 116L) equipped with a He-Ne laser, operating at 6328 Å. The angle of incidence was 70 • . Several areas on the sample were measured.
RAIRS of phenyl thiols on gold
The RAIRS spectra of the series of phenyl thiols all exhibit intense peaks at 1267, and 1590 cm −1 , see Fig. 2 . These peaks correspond to the in-plane stretching modes of the benzene ring, and their net dipole vector change is parallel to the molecular axis. Based on surface selection rules, these in-plane modes are expected to have a strong intensity while the out-of-plane modes have a weak intensity in the RAIRS spectrum, if the molecules are oriented normal to the Au surface. In addition, the RAIRS spectrum of p-triphenyl thiol shows a peak with weak intensity at 1106 cm −1 , which corresponds to an out-of-plane stretching mode, with its net dipole vector change perpendicular to the molecular axis. Therefore, this peak would have less intensity in the RAIRS spectrum. The data indicates that these molecules are standing up on the surface, but the angle of inclination with respect to normal cannot be determined precisely.
Ellipsometry of phenyl thiols on gold
The ellipsometry measurements on a SAM of phenyl thiol gave a thickness of 6 Å, which corresponds closely to the length of the molecule. This is consistent with the molecule standing up on gold. However, in the case of 4-biphenyl thiol, the thickness of the monolayer was determined to be 8.5 Å, which is less than the expected length of the molecule (10 Å). Similarly, the thickness of the monolayer of p-triphenyl thiol was measured to be 10.5 Å, while the expected length of the molecule is 13 Å. The data further suggest that biphenyl and p-triphenyl thiols are standing up, but not normal to the surface.
Surface potential experiments
The electrostatic potentials (EP) of these molecular SAMs were measured using a commercial AFM [18] equipped for the Kelvin force technique. A standard optical beam bounce detection scheme was employed to detect both the surface and electrostatic forces. The reported data were obtained using heavily doped silicon tips with a nominal spring constant of 2 N m −1 [19] . These tips have excellent characteristics for electrostatic detection as well as surface imaging [20] . The EP was measured using a standard non-contact force detection technique [21] . The tip was held at a fixed distance (approx. 100 nm) above the sample using a non-contact topographic feedback system (maintaining a specific mechanical vibration of the cantilever at resonance frequency). All measurements were performed in a nitrogen atmosphere and carried out immediately after sample preparation as described earlier.
The sample was placed in the AFM chamber and the system quickly purged with nitrogen. The sample was scanned for a flat region, typically on top of a grain, and the EP was measured numerous times. A minimum of 10 flat regions were viewed and the EP measured numerous times at each point to insure consistency at the individual locations as well as across the sample. All measurements were made using the same tip.
This procedure was followed for all samples including the bare gold sample which is used as a control sample. In addition, the samples were rechecked after 1 and 2 weeks to investigate the degradation of the samples. The data are provided in Fig. 3 . Finally, this entire sequence of experiments was completed on a second set of samples prepared independently to insure consistency.
The point denoted by 0 phenyl rings is the gold reference sample. For the purpose of this experiment, the electrostatic potential of gold is considered to be zero and all other values are relative to this. This interpretation will be discussed later. P1 shows a negative potential shift of 0.38 V compared to gold. The electrostatic potentials of P2 and P3 (−0.76 and −0.72 V respectively) are even more negative than P1 and yet very similar. The data taken after 2 weeks show the same trends as the initial data although a slight degradation in absolute EP value is apparent.
Discussion
The data plotted in Fig. 3 , also present theoretical calculations which model the SAMs charge distribution and dipole moment. The isolated molecule has been modeled using quantum chemistry software (Gaussian [22] ) to calculate the electronic charge distribution and the dipole moment of the molecule. The dipole moment of the molecule is then used to estimate the surface potential produced by a sheet of molecules using the formula
Where p is the molecule's dipole moment, N mol is the number of molecules/area (we assume 10 14 ), ε is the effective permittivity (estimated to be 2.0) and φ is the angle of the molecules tilt from normal to the surface. An estimated angle of inclination was determined using geometry, the actual molecule length, and the estimated SAM thickness from the RAIRS data. The estimated angles of inclination with respect to normal are 0 • , 31.79 • , and 36.13 • for phenylthiol, biphenylthiol, and triphenylthiol respectively. The surface potentials of phenylthiol, biphenylthiol, and triphenylthiol are then calculated to be 0.69, 1.03, and 1.10 V respectively. Both the isolated molecule calculations 1 and electrostatic surface potential data show a significant shift in potential by P1 and P2 SAMS followed by a leveling effect in which P3 is nearly the same as P2. The difference is seen in the polarity of the electrostatic potential shift. From a basic chemical perspective, the bonding of sulfur and gold at the atomic level involves a sharing of electrons from the gold to the sulfur atom [23] , with polarization: [Au 3 ] + S-R. Thus, the sulfur atom obtains a negative charge to which the phenyl molecule must compensate. Aromatic molecules do this through the π bond delocalization of the electrons. Delocalization of the electron into the phenyl π-system results in net charge density at the ortho-and para-positions of the phenyl ring. This results in a negative surface potential owing to placement of the negative end of the surface dipole at phenyl carbons remote from the surface. SAMs of poly(phenyl) thiols do facilitate the electron transport across them better than alkanethiols [24] . The negative surface potentials, relative to bare gold, of a monolayer of related poly(phenyl) thiol molecules have previously been described using the Kelvin probe technique [11] . The positive potentials which have been measured on alkanethiols have nominally been limited to long chain (above n = 10) molecules [9, 10, 25] . Shorter chain SAMs are projected [25] and have been measured [26] to result in negative surface potentials, but these effects do not result from π-conjugation.
The increase in chain length is to effectively lengthen the arm of the dipole moment of the molecule and thus increase the electrostatic potential measured above the surface. This effect is more apparent when looking at P1 and P2 as the shared electron has an even larger molecule on which to delocalize and thus provides a further increase in dipole and electrostatic potential. There appears in both the experimental and theoretical data to be leveling in this effect after two rings. Quite possibly, after this plateau a surface potential more like the isolated molecule may be measured as the electron from the sulfur/gold bond has distributed far enough in the first few rings to maintain the molecular stability. That is to say, the larger poly(phenyl) molecules can delocalize negative charge at the ortho-and para-positions on each of the rings, but the average locations of the negative charge density does not change dramatically. The data taken after 2 weeks show the same trend as the initial data although a slight degradation in absolute EP value. This data reveals the samples are relatively stable for a minimum of 2 weeks. However, as the molecules begin to relax the electrostatic potential is expected to decrease, as the angle of tilt normal to the surface will increase, as well as possible material loss.
Considering a 'bare' substrate initially appears to be an adequate control sample, however, considering the sensitivity of these measurements and the environmental conditions under which these samples are exposed, a more stable control sample should be prepared. Zehner et al. showed how the electrostatic potential of 'bare' gold varies with time [11] and have used hexadecanethiol HDT as a reference, believing the SAMs would provide a highly reproducible quantity. Saito used a monolayer of octadecyltrimethoxysilane (ODS) as a reference and also shows how the electrostatic potential is dependent on the surface coverage of the monolayer [27] . Significant advances are required before nanelectronics is fully understood. Each new field of technology requires understanding of its 'gold' standard.
Summary
We have used KFM to investigate the electrostatic surface potential of a family of molecules. Self-assembled monolayers of poly(phenyl) thiols were investigated and compared to theoretical considerations. Surface potential measurements can provide insight into the structural and electronic properties of the monolayer, which are dependent on the bonding and orientation of the molecule to the surface. The understanding of electronic connection to individual molecules is critical for the future of molecular electronics.
